The Marine Laboratory in Aberdeen (now part of Marine Scotland Science) has operated a scientific observer programme in the Scottish mixed demersal trawl fishery for more than 20 years. Discards of the main demersal species (cod, haddock, whiting, and saithe) have been sampled according to a stratified design based on gear, area, and month, with quota sampling used to select vessels. The aim of the programme is to estimate the quantity (at age) of the discarded component of the catch, to contribute to estimates of total catch for these species so that assessments of each stock can be made. Trends of discards from this observer programme from 1987 to 2009 are reported. Notable features include the sudden practice of discarding marketable cod in 2007. This was due to a number of factors including, paradoxically, improvements in compliance measures which meant that fish could no longer be landed illegally. Methods for raising the sampled discards to the level of the fleet are also explored and discussed in relation to changes in discarding patterns. These are particularly relevant at a time when, in northern Europe at least, there is a move towards standardizing methods for estimating total quantities of discards.
Introduction
Discards are the portion of the catch from commercial fisheries that is dumped or thrown overboard at sea, dead or alive (Kelleher, 2005) . They are generally considered to constitute waste or suboptimal use of fishery resources, although they can form a significant food supply for scavenging seabirds (Furness et al., 1992) , epibenthic invertebrates (Groenewold and Fonds, 2000) , and scavenging fish (Catchpole et al., 2006) . The magnitude of what has been called the discard problem (Alverson et al., 1994) is diminishing on a global scale. The highly publicized total discard estimate of 27 million t, or 27% of the global catch, was based on data from the 1980s and early 1990s (Alverson et al., 1994) . More recent estimates, based on data from 1992 to 2001, indicate an annual average of 7.3 million t (Kelleher, 2005) , some 8% of the global catch. The reduction has been attributed to the responses of various management authorities to the alarming earlier estimate, which had been used to criticize the state of the world's fisheries. Responses have included the use of more-selective gears, the introduction of discard regulations, improved enforcement, and increased utilization of catches (Kelleher, 2005) .
Accurate estimates of discards can only be obtained from comprehensive sampling programmes (Rochet et al., 2002) . The most accurate results are obtained using dedicated observers on fishing vessels, providing that discarding is not illegal; if it is, then "observer effects" can result in biased data (Liggens et al., 1997) . Marine Scotland has operated a scientific observer programme since the mid-1970s, sampling discards of the main demersal species, cod (Gadus morhua), haddock (Melanogrammus aeglefinus), whiting (Merlangius merlangus), and saithe (Pollachius virens) by Scottish fishing vessels (Armstrong and Hall, 1987) . The aim of the programme is to estimate the quantity and the age composition of the discarded component of the catch. The Scottish dataseries is unique in Europe, and has been made available to the International Council for the Exploration of the Sea (ICES), for inclusion in stock assessments for the west of Scotland and the North Sea since the late 1970s. Until as recently as 2005, this was the sole source of discard data for these areas (ICES, 2006) . Latterly, the data have also been supplied to study groups of the Council of the European Union (EC), to evaluate cod-recovery measures.
Discard estimates from the Scottish observer programme have been reported previously (Jermyn and Robb, 1981) , and recent reports have been associated with various developments in the estimation procedures (Stratoudakis et al., 1998 (Stratoudakis et al., , 1999 Millar and Fryer, 2005) . Since then, the Scottish Government has introduced legislation and applied more effective compliance measures, which together have dramatically improved the accuracy of estimated fish landings. The introduction of the "Fish Sellers and Buyers and Designation of Auction Sites (Scotland) Regulations", sometimes referred to as RBS (Anon., 2005) , was one such measure which, combined with these others, led to the effective cessation of the practice of misreported (Patterson, 1998) , illegal, or so-called black landings (Delaney et al., 2007) .
The primary aim of this paper is to report on the trends of discards from the observer programme over the past 23 years and, in particular, to consider the recent 5-year period when compliance improved and the pressure to discard may have been greater. A secondary aim is to consider some aspects of the methods used to estimate total discard quantities, in relation to new sampling requirements and the discarding practices observed. In part, this relates specifically to which of a number of possible options is the best auxiliary variable for raising discard estimates (Borges et al., 2005) . This raising process and the auxiliary variable used for the ratio estimator have been the subjects of several studies of the Scottish data (e.g. Stratoudakis et al., 1999; Millar and Fryer, 2005) . More recently, the requirements to estimate the precision of numbers-at-length for both landings and discard data, and the setting of targets for collecting samples under the EC's Data Collection Framework (DCF; EC, 2008a), have led to efforts to develop common tools for the raising of sampling data and the estimation of precision across EC member states (ICES, 2010a) . The wider implications of the precision calculations have since been addressed in many ICES workshops (ICES, 2004 (ICES, , 2005 (ICES, , 2008 (ICES, , 2009 (ICES, , 2010b . Recommendations from these workshops have had major implications for sampling-scheme design, estimation methods (such as raising), and the calculation of precision. The Marine Scotland sampling programme (in common with those of all EC member states) and the estimation of discards are therefore in a process of transition.
Methods
Until 2010, demersal fisheries discard sampling in the Marine Scotland observer programme was stratified by area, fishing gear, and month (Armstrong and Hall, 1987) . The scheme depended on the voluntary cooperation of vessel masters, so the final selection of which vessel to observe was left largely to the discretion of the observer. This type of opportunistic stratified sampling is termed quota sampling (Jessen, 1978) . In all, 2077 Scottish observed trips have taken place over the 23-year period considered here (1443 in the North Sea and 634 to the west of Scotland), i.e. an average of 63 per year in the North Sea and 28 west of Scotland. Trips were counted as visits to a particular area stratum, so in some cases, an observed voyage may have consisted of more than one trip if fishing was conducted in more than one stratum (there were 1740 observed voyages in all). Trip duration depended on vessel type (see below) and area, but was between 2 and 10 d. On each observed trip, length frequencies of discards by species were obtained by sampling at least 60 kg of representative material from every fishing haul. The sample size (by weight) was greater if the discarded material consisted of fewer larger fish. Samples of the retained component of the catch were also measured. Otoliths were obtained from samples of discarded cod, haddock, whiting, and saithe. Estimates of the numbers-at-age discarded were calculated yearly using a ratio estimator, raising observed data based on reported landings by fleet and species. These estimates were made at the end of each year in accordance with the requirements of the DCF.
Discard trends
The quantity used here to describe discarding over the 23-year time-series is D%, the percentage by weight of a demersal species discarded relative to the total catch in weight of that species in the observed trips. Thus,
where D t is the discarded weight of the species on trip t, C t the catch weight of the species on trip t (as recorded by the observer), and n the number of trips. The categorization of fishing vessels and gears has changed over the years. For the purposes of consistency, we consider here two categories: (i) vessels that target demersal fish, hereafter referred to as the demersal fish fleet, and (ii) vessels targeting the Norway lobster Nephrops norvegicus, hereafter referred to as the Nephrops fleet. No attempt has been made to stratify within these categories according to mesh size, although they conform to the so-called TR1 and TR2 categories, respectively. TR1 gears are defined as trawls and demersal seines with mesh ≥100 mm. TR2 gears use nets with mesh ,100 mm, but ≥70 mm. The discarded weight was also split into two size categories, above and below the minimum landing size (MLS) for each of the three species (35 cm for cod, 30 cm for haddock, 27 cm for whiting). For each size class, D% was calculated using the whole catch weight (all sizes) in the denominator of Equation (1). Monotonic trends over the full period were assessed using Spearman's rank correlation coefficient (r). To comment on the more recent period, D% values from the past three years (2007 -2009 ) were compared with those from the previous three years (2004) (2005) (2006) ) using a t-test, having first taken an arcsine transformation to stabilize variances (McCullagh and Nelder, 1998) .
Raised estimates
The Scottish observer programme has traditionally used a ratio estimator (Thompson, 1992) to determine raised [total] quantities of discards. This is described fully in Stratoudakis et al. (1999) . In their revision of the Scottish observer discard estimates, Millar and Fryer (2005) used demersal landings as the auxiliary variable, but suggested that a measure of fishing effort be explored instead, because of the bias associated with misreporting of landings, which was known to be occurring at the time. Borges et al. (2005) also suggested the use of an effort metric. However, until 2009, the auxiliary variable used was the catch weight of the species, as per Equation (2) below. Recently, changes in reporting requirements (e.g. quarterly updates) and discarding patterns have led to that approach being less than satisfactory (see below), so alternative metrics for the auxiliary variable are explored here.
To inform the choice of metric for the auxiliary variable, a comparison was made of possible options for raising discard estimates, using data from 2009. These data consisted of 48 observed trips from the North Sea (ICES Divisions IVa and IVb) and west of Scotland (ICES Division VIa). Trips were stratified by gear type as described above, the demersal fish fleet (TR1), and the Nephrops fleet (TR2). Sample sizes were n ¼ 29 and 19, respectively. Spearman's rank correlation coefficients were calculated for the recorded discards of four species of gadoid (cod, haddock, whiting, and saithe) against a number of possible auxiliary-variable metrics:
(i) the landed weights for the same species, as per Equation (2), for both gear strata;
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(ii) the combined landed weights of the gadoids for both strata;
(iii) the landed weight by stratum-of gadoids for the demersal fish fleet and Nephrops and other species for the Nephrops fleet-this is termed the "target assemblage"; (iv) the total landed weight for the trip for both strata, which may include other fish species;
(v) days absent during the trip for both strata, a measure of effort. This includes non-fishing hours and as such may not be an ideal metric of effort. However, it is not mandatory to report fishing time, so fishing effort in hours is rarely complete in the logbook data: days absent can be calculated from departure and return dates for all trips, so is the only consistently available metric of effort.
Significance tests for correlations were determined for r = 0 at the 5% level. Raised estimates of discard weight were calculated for cod and haddock for 2009. The discarded weight from n observed trips, t=n t=1 D t , was raised using a ratio estimator to estimate the discard weight for the fleet, D F :
where L F is the value of the auxiliary variable for the fleet, and L t the value for trip t.
The auxiliary variable L used in the ratio estimator was each of the metrics (i) -(v) above considered in the correlations with discard weight. Traditionally, for each stratum, the Marine Scotland discard estimates for species s have been calculated with L F and L t being the species weights landed by the fleet and observed trips, respectively [metric (i)].
Normally D F tends to be estimated for sampling strata, e.g. by area, quarter, and gear; these estimates are then summed to produce an estimate of D F at the reporting level for the species. Here, to obtain sufficient samples within the stratum to generate confidence intervals on the estimates, we raised the demersal fish fleet and the Nephrops fleet as two strata, then combined the estimates to produce the discard weight for the stock in ICES Areas IVa, IVb, and VIa for 2009. The trips in this case were then equivalent to whole voyages.
Confidence intervals were generated from non-parametric bootstrapping of the trips observed. For each bootstrap realization, t=n t=1 D t and t=n t=1 L t were calculated from the n resampled trips. A total of 5000 bootstrap realizations was performed, and the 0.025 and 0.975 quantiles determined the 95% confidence interval. To compare the relative precision of the combined estimates of D F , the coefficient of variation (CV) was calculated from the bootstrap realization of D F .
Results

Discard trends
The annual percentage discard rates in weight [D%, Equation (1) In 2007, it increased dramatically to 80% and 49%, respectively, but then dropped to 64% and 34%, respectively, by 2009. A similar pattern was observed in the Nephrops fleet, although there was less evidence of a reduction in 2009. There was a significant increase in the discard rate of marketable cod by the demersal fish fleet in both areas, and by the Nephrops fleet in the North Sea, in the latest 3-year period (2007 -2009 ) compared with the previous 3 years (t-test, p , 0.05). This is also seen in long-term trends (Figure 1) .
Discard rates of small cod (,35 cm) have been low in the demersal fish fleets (on average 8% in the North Sea and 2% west of Scotland), and are even lower in recent years (,3% since 2007 in both areas). In the North Sea, this decline was significant over the period (Spearman's correlation coefficient r ¼ -0.48, p , 0.05). In the Nephrops fleet, discard rates of small cod were higher, particularly in the North Sea (average 22%), where they increased over the period (r ¼ 0.43, p , 0.05). However, they were low relative to the discard rates of small fish for other species, and low relative to the recent discard rates of marketable cod. There is no evidence for significant changes in discard rates of small cod for the Nephrops fleet over the study period west of Scotland (r ¼ 0.02, p ¼ 0.92; Figure 1 ).
The average discard rate of marketable haddock was 10% and 11% to the west of Scotland and in the North Sea, respectively, and no more than 25% in any year in either area. There was a significant increase over the period by the demersal fish fleet to the west of Scotland and the Nephrops fleet in the North Sea (Figure 1 ). Discard rates of marketable whiting by the demersal fish fleet were somewhat higher, but generally did not fluctuate greatly from the average 20% and 22% west of Scotland and in the North Sea, respectively, and showed no significant trend (Figure 1 ). The Nephrops fleet in both areas had significant increases in discard rates of marketable whiting over the period of study (Figure 1) , and in the recent 3-year period, these rates did not change significantly (t-test, p . 0.05).
Discard rates of small haddock by the demersal fish fleet were slightly higher than those of marketable fish (e.g. North Sea average 22%), whereas the rates were similar for all sizes of whiting. In the North Sea, the discard rates of small haddock and small whiting by both Nephrops and demersal fish fleets decreased over the period (Figure 1 ). Since 2008, the maximum discard rate of these small fish in both areas was 8%. However, the Nephrops fleet had, and continues to have, high discard rates of small haddock and whiting, and west of Scotland these high rates persisted throughout the time-series, without any significant change (Figure 1) .
Overall, there was a general decrease in the discard rates by weight of small gadoids in the North Sea (Figure 1) , by both classes of vessel (except of cod by the Nephrops fleet). In the fishery west of Scotland, however, there appears to have been no change in undersized discards, which remain high for the Nephrops fleet. In terms of marketable fish, the picture is more mixed, with increased discard rates over the longer time-scale in the two groupings: those of cod in both areas and both vessel classes, and those of all marketable gadoids by the Nephrops fleet in the North Sea (Figure 1 ).
Raised estimates
For the demersal fish fleet, discard weights were significantly correlated (Spearman's rank correlation coefficient, p , 0.05), with landed weights of the same species, for haddock, whiting, and saithe, but not cod (Table 1 ). The discard weights of haddock were correlated with the landed weight of gadoids, but not those of the other species. None of the discards from the demersal fish fleet were correlated with Nephrops landings, as one might expect because that fleet does not target Nephrops. The total landed weight for the trip was correlated for saithe, but there was a significant negative correlation for whiting. Days absent from port was correlated with discards of cod and saithe, but it was negatively correlated with whiting.
For the Nephrops fleet, landed weights of the same species were correlated with haddock discards alone ( Table 1 ). The landed weight of gadoids was correlated with discards of cod and haddock, but not of either whiting or saithe. The landed weight of Nephrops was correlated with the discard weight for all four species, as was the total landed weight. The parameter days-at-sea was correlated with the discards of all species except whiting.
The raised discard estimates for cod (Table 2) varied between 5351 and 6742 t, depending on the auxiliary variable used. The lowest and highest point estimates were obtained using, Figure 1 . Discard rates (D%) by weight for cod, haddock, and whiting, by gear category (demersal fish and Nephrops fleets), and size (the terms "small" and "large" corresponding to fish below and above the MLS, respectively), west of Scotland (left, grey bars) and in the North Sea (right, white bars). The text in each panel refers to the Spearman's correlation coefficient (r) and its significance (p), testing the association between year and annual discard rate, with significant correlations (p , 0.05) emboldened.
respectively, the total landed weight and the days-at-sea as the metric. Compared with the other metrics, the estimate using days-at-sea was noticeably higher for the Nephrops fleet. The most variable of the combined estimates was that using the singlespecies metric (CV 41%). The most precise estimate was that obtained using the total days-at-sea (CV 18%).
The point estimates for haddock (Table 2) were between 8193 and 15 493 t, depending on the metric used. The estimates were lowest using the single-species metric and, as for cod, highest using the days-at-sea metric. This was largely due to the very high estimates generated using days-at-sea for the Nephrops fleet. The most variable of the combined estimates was that using the target assemblage metric (CV 52%). The most precise estimate was that obtained using the single-species landings (CV 29%).
The confidence intervals for the TR1 and TR2 estimates, and the combined estimates for the different metrics, generally overlapped all the point estimates for each species. This indicates that although there was considerable variation between the point estimates produced by the various auxiliary variables, the variation around these estimates was such that the metrics themselves produced broadly consistent results. Exceptions to this were the single-species and days-at-sea estimates for haddock.
Discussion
The term discard has different meanings in different areas, and there is often confusion between the terms discard and bycatch (Kelleher, 2005) . Here, we propose the definition scheme illustrated in Figure 2 , where we consider bycatch to be the catch, and subsequent discard, of species not typically fished commercially and, therefore, not subject to management under the EC's Common Fisheries Policy. As such, bycatch per se was not considered here, although we acknowledge that some fishers targeting Nephrops, for example, may consider their catches of [non-targeted] fish to be bycatch of commercial species. Thereafter, discards are considered to fall into three categories: undersized (fish discarded because they are below the MLS); regulatory (fish discarded as a result of lack of quota, or because they do not meet certain catch-composition rules); and discretionary, e.g. highgrading or slippage (fish discarded to maximize profit, either because of their size or because of some other selection criterion based on quality). Undersized discarding might also be considered regulatory, but we consider it separately because the relevant regulations (MLSs) are straightforward management instruments that are easily enforced, and are generally complied with by the industry (Catchpole et al., 2004) .
The sudden high levels of discards of marketable cod experienced in recent years, relative to years before and including 2006, are considered to be a consequence of a combination of three factors. First, the abundance of adult cod in the North Sea was low until 2007, but then the relatively strong 2005 year class of cod recruited to the fishery at age 2 and marketable cod were suddenly more available. Second, more-effective enforcement post-RBS (Anon., 2005) meant that fishers were no longer able to land their fish illegally (Park, 2009) . Without this previous, though illegal, outlet to land the newly available fish (because of the landings constraints discussed below), the cod inevitably caught in the mixed fishery were discarded. Finally, the poor state of the cod stocks, depleted in the late 1990s (Cook et al., 1997; Horwood et al., 2006) , resulted in low levels of total allowable catch (TAC), which were intended to reduce fishing mortality and aid stock recovery. The discarding of marketable cod demonstrates the limitations of using TACs as a tool to control the mortality of a particular species in a mixed demersal trawl fishery. Values are discard weights in tonnes, with 95% confidence intervals (CI), as estimated for the demersal fish fleet, the Nephrops fleet, and the two combined, with the combined coefficient of variation (CV%) from bootstrap distributions.
When the quotas for other species (e.g. haddock) are large relative to those of cod, fishing for other species continues and cod may also be caught, but in the absence of sufficient quota to land it, the cod are discarded: this is an example of regulatory discarding ( Figure 2 ). As these discards contribute to mortality, they are now included in the forecasts that determine the TAC, predicting both the landed and discarded component of the catch. The TAC is, in effect, a total allowable landing, whereas the discards are forecast. This has been described as a case of institutionalized discarding by Gezelius (2008) . From a purely stock-assessment perspective, these discards represent a component of mortality that can be estimated, as opposed to the previous situation where black landings were never likely to be measured at all, never mind accurately. In all other respects, the practice is lamentable, and its manifestation has led to several initiatives to highlight the problem, notably a recent highly public campaign led by a celebrity chef (http://www.fishfight. net/). More importantly, it has also led to regional initiatives by the Scottish Government and the fishing industry to tackle the problem.
Recent regional management efforts, such as the Conservation Credits scheme in Scotland, have introduced measures aimed at reducing discards (Holmes et al., 2009) . The decline in discard rates of cod since 2007, reported here, indicates that these measures may be contributing positively. In future, these efforts will probably be augmented with remote electronic monitoring (REM) schemes (McElderry, 2008) aimed at providing catch quotas to permit the landing of fish that would otherwise be discarded (irrespective of size). If effective, such schemes will help to reduce discards and incentivize skippers to avoid areas where they would expect to find fish for which they have no quota and would have to discard. Pilot REM schemes are already underway in Scotland and Denmark (Kindt-Larsen et al., 2011) .
Many of the other trends observed in the North Sea, e.g. the gradual decline in discard rates of small fish, are in line with the expected changes attributable to the minimum mesh sizes of codends in the demersal fleet increasing from 80 mm in the late 1980s to 120 mm in 2009 (Kunzlik, 2003) . Other technical measures introduced over the period considered here include the use of square-mesh panels, limits on twine thickness, and the banning of lifting bags (Catchpole and Revill, 2008) . Similar measures were introduced west of Scotland, but these were instigated later than in the North Sea and, so far, there is no evidence of declining discards in that time-series. The Nephrops fleet has been subject to different regulations that allow the use of nets with smaller codend mesh (Graham and Ferro, 2004) , to allow catching of the target species (in this case, N. norvegicus). Consequently, the discard rates have generally remained high for this fleet, though with the total raised quantities lower than those for the fleet targeting fish (e.g. Table 2 ). High rates of discarding are particularly evident in the west of Scotland Nephrops fishery, where the minimum mesh size was 70 mm until recently, whereas in the North Sea, there was a decrease in discard rates of small fish, probably through the earlier introduction of 80 mm as the minimum mesh size and its subsequent increase in the mixed fishery for Nephrops and demersal fish.
The metric used to describe the time-series is the percentage discard rate D%. This metric has proved useful for providing prompt updates within a year (e.g. on a quarterly basis), when all the age data have not been read or landings data are not complete in national databases. It is similar to the quantity used by Kelleher (2005) . As a metric to monitor relative discarding practices over time, D% has the further advantage of being less susceptible to the abundance of fish than a raised quantity, and it faithfully represents the relative discard rate of small fish which, in a raised estimate, do not have a landed component to include in the calculation.
Applying the percentage discard rate [Equation (1)] to 2008 landings, Holmes et al. (2009) found similar total (raised) discard estimates to those calculated from the discard rates assumed by the assessment working groups. This indicates that D% may be useful in determining the raised discard quantities where complete datasets are not yet available and traditional raising methods (e.g. by age) cannot be applied. In any case, the Figure 2 . Composition of the catch from demersal trawlers and seiners describing the various categories (boxed and italicized) of discards and bycatch returned to the sea. Note that not all categories would necessarily be present in all catches. Undersized discards are also a category of regulatory discarding (see text for further details). MLS is the minimum landing size. The term "Catch comp." refers to catch-composition rules. Non-commercial species may soon be managed under the Marine Strategy Framework Directive (although not at a stock level), but for the purposes of this paper, we consider management under the Common Fisheries Policy.
variability within any estimate is greater than that associated with the choice of auxiliary variable (Table 2) .
A number of considerations come into play in the selection of a suitable auxiliary variable for the raising of discard estimates. First, there are simple practical considerations about the form and availability of the data. The metric used for the auxiliary variable should be unambiguous and straightforward to measure and/or calculate. It needs to be present in both the observer and fleet data, and to be recorded in a manner consistent in both datasets over the period of any time-series of discard estimates that is to be calculated or maintained. Second, the discarded weight should be related (i.e. correlated) to the metric of the auxiliary variable: Rochet et al. (2002) examine this issue in detail.
A major problem with raising using the single-species auxiliary variable arises if that species is not landed, introducing large biases in the raised estimate if there are few samples within a stratum and most of the observed vessels have zero landings (Stratoudakis et al., 1999) . Such zero values can be particularly prevalent when the discarded species is not the target for the trip, in which case the vessel may well have no quota allocation to land the species (indicating regulatory discards). From such considerations, it follows logically that the target assemblage is likely to prove a far better metric than the single-species one. In the present context, this would be the Nephrops landings for the Nephrops fleet and a demersal assemblage for the demersal fish fleet.
The choice of auxiliary variable can also usefully be informed by a consideration of discarding practices and the way discarded weights (or numbers) are likely to relate to the retained part of the catch. Highgrading and undersized discarding should generate a good correlation using the same species as the auxiliary-variable metric. The correlations will be weaker with a larger assemblage of landed species (such as gadoids), because the more species added to the target assemblage, the more noisy the overall correlation becomes, and the less distinct will be the signal from the discarded species. This is consistent with the correlations observed for the demersal fish fleet: there were significant correlations of discards against landings of the same (single) species, only one significant correlation for the gadoid assemblage, and some negative correlations for the total-landed-weight auxiliary variable (Table 1) . This trend in declining correlations may only continue to the total-landed-weight metric where the species is sufficiently abundant to constitute most of the landed weight. This would perhaps explain the correlations for cod and saithe increasing with landed weight, whereas those for haddock and whiting continue to decline (Table 1) .
In contrast, regulatory (over-quota) discarding will lead to missing data or a poor correlation with the single-species metric, but possibly a better correlation with the target assemblage and, perhaps to a lesser extent, with the total landed weight for the trip. This is consistent with the results from the Nephrops fleet, where all correlations of discards of the four species against landed weight of Nephrops and trip-landed weight were significant (Table 2) .
Discarding practices, and the reasons for discarding, are fluid: they are different between species and for the same species over time. Discarding motives also differ by fleet, most obviously between the Nephrops and demersal fish fleets. At a fine resolution, one would anticipate that a vessel exhausting its quota for a species is likely to shift from discretionary (highgrading) to regulatory (over-quota) discarding. There is evidence in our data of a seasonal effect, discard rates increasing towards the end of the year as quotas become exhausted, and this fact needs to be taken into account in any new sampling scheme. Where restrictions on landings are area-specific, vessels fishing in different locations could for that reason have different discarding patterns.
The most suitable auxiliary variable is probably the safest longterm option that is not unduly perturbed by shifts in the spectrum of fisher behaviour. The target assemblage is probably the best choice of auxiliary variable because it essentially deals with the problems of over-quota discarding (where a species is discarded and not landed at all), while retaining enough of the other singlespecies elements to elucidate the general patterns of fishing activity. It also has much greater precision than the single-species variable used to date.
Landed weight and days-at-sea per trip did not seem to perform consistently well in terms of the correlations for the four main demersal stocks (there was a significant negative correlation with whiting and no correlation with haddock). The reasons for this are unclear: the parameter days-at-sea includes passage time and is also truncated (trips rarely last for more than 10 d), so the weight discarded may have little relationship with trip duration. As an auxiliary variable, days-at-sea performed well for the Nephrops fleet but is outperformed by the landings of the target assemblage. Rochet et al. (2002) compared ratio estimators using landings or time fishing with sampling-based estimators, and found the latter to be more precise for the French fisheries in the Celtic Sea. In a more recent review of the same material, Rochet and Trenkel (2005) found no clear relationship between discards and effort for gadoid trawlers, but a negative relationship for the Nephrops fleet.
The TACs and quota regulations for fisheries in 2009 (EC, 2008b) require that discards in ICES Division VIa (west of Scotland) be reported with an accuracy of no less than 20%. Accuracy is generally considered to be a combination of bias and precision (Jessen, 1978) . Bias in the present context is the difference between the expectation of the estimator and the true quantity of discards, the latter being unknown. It is not clear that this is what the regulations intend, and what actually may be required is a precision of 20%. The interpretation generally adopted, following the recommendations of WKSCMFD (ICES, 2004) , is that the accuracy stipulation actually corresponds to precision as calculated by a (weighted) coefficient of variation (CV) on the required statistic. This is the same condition required for discard estimates under the EC's DCF (EC, 2008a) . Often, the precision of our 2009 estimates of cod and haddock discards (Table 2) did not meet the level of precision implied (20%), regardless of the method applied, but target assemblage and total landed weight came close for cod (23 and 21%, respectively), and the days-at-sea did meet the requirement (CV 18%).
The requirement to calculate precision estimates on discard weights, or numbers at length or age, and the level of precision stipulated, has profound implications for at-sea observer sampling. Estimates of the standard error of the mean, confidence intervals, and precision levels are valid only if vessels are selected with equal probability from the study population within the stratum. Likewise, the calculation of confidence intervals by nonparametric bootstrapping requires the minimum number of samples from a stratum (however defined) generally to be around ten. The quota-based sampling practiced up to 2009 is not compatible with these requirements, so Marine Scotland is switching to probability-based sampling from vessel lists, in common with national sampling schemes across much of Europe. Determining the sample size required for a given level of precision would require a substantial study, of the kind employed by Allen et al. (2002) . We agree that the emphasis should be on maximizing the sampling of trips, rather than hauls within trips, i.e. sampling the most variable component of the fishing operation. Such a study is, however, beyond the scope of the present paper.
The variations in the point estimates and the confidence intervals with different auxiliary variables are of more than academic interest. As with landings, discard estimates are provided to the annual ICES stock assessments, which ultimately feed into TAC and other management measures. Additionally, discard estimates are being used increasingly as an indicator statistic to measure the effects of management measures and industry practices such as the Conservation Credits scheme (Holmes et al., 2009) . In this context, it is important to stress two points. First, discard estimates will change depending on how they are constructed, because the methods used are either more or less appropriate to the situation at the time. Second, any estimate of discards has an associated level of uncertainty that can only be calculated correctly when the appropriate data-collection practices and sampling scheme are in place. The uncertainty associated with an estimate should be given as much consideration as the point estimate itself. In that respect, the confidence intervals on the discard estimates presented here indicate a remarkable degree of consistency, given the range of auxiliary variables considered. If these rather wide confidence limits are to be narrowed (to meet the 20% EC-DCF precision target), then more resources will be required, to increase the observer effort. This runs counter to the economic conditions currently being experienced by the national science agencies that have traditionally administered observer programmes. Technological initiatives such as REM may, however, provide alternative cost-effective sources of data, as well as helping to reduce discards should such schemes prove effective.
